a-ketoglutarate (Km values of 2.6 ,uM, 1.0 mM, and 140 AM, respectively) and has a pH optimum between 7.1 and 7.7. The stoichiometry of the reaction has been determined as 2 mol of glutamate synthesized per mol of glutamine consumed. Glutamate synthase can be distinguished from either of the glutamate dehydrogenases of yeast on the basis of its substrate requirements and behavior during agarose gel and ion exchange chromatography. Variations in the specific activity of glutamate synthase, which occur in response to changes in the growth medium, are similar in character to those observed with the nicotinamide adenine dinucleotide phosphate-dependent (anabolic) glutamate dehydrogenase.
For many years it was assumed that the primary metabolic pathway for the biosynthesis of glutamate involved the reductive amination of a-ketoglutarate, catalyzed by L-glutamate dehydrogenase. Recently, an alternate pathway for glutamate biosynthesis was demonstrated in Aerobacter aerogenes (5, 6, 11, 12) and subsequently in a large number of other prokaryotic microorganisms (4, 8, 10 ; R. E. Miller and E. R. Stadtman, Fed. Proc. 30:1067, 1971; R. E. Miller, Fed. Proc. 31:448, 1972) . One of the reactions of this pathway (reaction 2) is catalyzed by a previously unknown enzyme, glutamate synthase (L-glutamate-nicotinamide adenine dinucleotide phosphate [NADP] oxidoreductase, deaminating, glutamine forming; EC 1.4.1.x). By coupling the glutamate synthase reaction with glutamine synthetase (reaction 1) an essentially irreversible pathway for the formation of glutamate is achieved. L-glutamate + ATP + NH4+-.
L-glutamine + ADP + P1 (1) a-ketoglutarate + L-glutamine + NADPH-2 L-glutamate + NADP (2) Sum: a-ketoglutarate + NH4+
+ ATP + NADPH -L-glutamate + ADP + Pi + NADP (3) Because of their irreversibility and high affinity for ammonia (6, 8, 12) , both enzymes of this pathway can function in a very efficient manner when the cellular levels of free ammonia are low. The regulation of this pathway in Aerobacter (6, 12) and in some other bacteria (6, 8, 10) suggests that its primary function in these organisms is to synthesize glutamate when growth is limited by the availability of ammonia. In a few bacteria, glutamate synthase seems to provide the sole mechanism for the synthesis of glutamate (4, 12) .
Although the occurrence of glutamate synthase in bacteria has been well documented, there is presently little information concerning the distribution of this enzyme in eukaryotic organisms. Tempest et al. have reported their inability to detect the enzyme in a variety of eukaryotes including yeast (12) .
In the present communication we wish to report the detection of a reduced nicotinamide adenine dinucleotide (NADH)-dependent glutamate synthase in Saccharomyces cerevisiae.
Information concerning the regulation of this enzyme is also presented. For the estimation of glutaminase activity the system contained, in a final volume of' 1.0 ml, the following: 10 mM L-glutamine, 100 mM potassium phosphate (pH 7.8), and 100 ,liters of enzyme. Incubation was for 1 h at 23 C. Ammonia was estimated after microdiffusion by nesslerization.
Protein determinations. Protein concentration was determined using the biuret method (9) with crystalline bovine serum albumin serving as the reference standard.
Preparation of extracts. Yeast cells (50 g wet weight) were suspended in 25 ml of 0.1 M potassium phosphate, pH 7.5 (henceforth referred to as buffer). The suspension was divided into two 35-ml portions, and each portion was placed in a water-jacketed processing vessel and subjected to sonic disruption for 30 min using a Branson sonifier (model J-17A). (By using these conditions the cell breakage was in excess of 90%.) The temperature of the samples was maintained below 10 C by passing ice water through the cooling jacket. The combined suspensions were centrifuged for 15 mmin at 20,000 x g. The supernatant solution was then carefully removed with a Pasteur pipette and diluted to 250 ml with buffer.
Purification of glutamate synthase. All steps were performed at 0 to 4 C unless otherwise noted.
Step 1: MnCl2 precipitation. MnCl2, 8 ml of a 1 M solution, was slowly added to 250 ml of the crude supernatant with constant stirring. The mixture was immediately centrifuged at 20,000 x g for 10 min. The supernatant was decanted and diluted to 250 ml with buffer.
Step 2: Ammonium sulfate precipitation. To 250 ml of the supernatant from step 1, 80 g of solid ammonia sulf'ate was slowly added with constant stirring. After 30 min, the mixture was centrifuged at 20,000 x g for 15 min. The pellet was saved and resuspended in 15 ml of' buffer.
Step 3: Agarose gel filtration. The resuspended precipitate was centrif'uged at 20,000 x g for 10 min to remove insoluble material. The clarified material was applied to a column (2.5 by 50 cm) of Bio-Gel A-5m (200 to 400 mesh). equilibrated with buffer, and eluted at a rate of 15 ml/h, collecting 4.4-ml samples. The glutamate synthase of highest activity was eluted in fractions 26 to 30. The purif'ication of' glutamate synthase achieved by these three steps was approximately 20-fold with an overall yield of 50 to 60%. The enzyme at this stage of purification is relatively unstable at 25 C, 4 C, or frozen at 20 C, but can be partially stabilized by including ethylenediaminetetraacetic acid (EDTA) (1 mM), mercaptoethanol (2 mM), and 25% glycerol in the buffer. Because of' this instability the preparations were generally stored frozen at -20 C and used within 2 days.
RESULTS
Properties of glutamate synthase from S. cerevisiae: substrate requirements. As shown in Table 1 , NADH, L-glutamine, and a-ketoglutarate are all required for the catalytic activity of yeast glutamate synthase. These substrate requirements appear to be quite specific since no glutamine-dependent oxidation of the pyridine nucleotide cofactor could be detected when oxaloacetate or pyruvate was substituted for a-ketoglutarate (data not shown) or when re- (Fig. 1) final concentration of 20 mM (data not shown).
Stoichiometry. The stoichiometry for the glutamate synthase reaction was determined using a partially purified enzyme preparation (Bio-Gel A-5m eluate). As shown in Table 2 (Fig. 4) . Glutamate synthase is eluted from the column well ahead of the NAD-glutamate dehydrogenase with only a slight overlap of the two activities. Under the experimental condition used, the yield of glutamate synthase activity (for this procedure) was consistently in excess of 80%.
Comparative levels of glutamate synthase versus glutamate dehydrogenase as a function of the growth conditions. Variations in the specific activity of glutamate synthase, which occur in growing yeast cultures in response to changes in the nitrogen source, generally parallel changes observed with the NADPdependent (anabolic) glutamate dehydrogenase. As shown in Fig. 5 , the specific activities of the two enzymes are highest when ammonia serves as the nitrogen source and lowest in nitrogen-starved cells. (In this experiment the nitrogen-starved cells continued to grow at about 30% the rate observed with glutamate or ammonia as nitrogen source.) An intermediate level of activity is observed with cells grown on glutamate. The pattern for the NAD-dependent (catabolic) glutamate dehydrogenase differs significantly. The specific activity of this enzyme is highest in glutamate-grown cells and much lower when ammonia serves as the nitrogen source. Very little enzyme activity can be detected after prolonged nitrogen starvation. It should be pointed out that the maximum level of activity for both of the glutamate dehydrogenases is more than 10-fold higher than the maximal level of glutamate synthase activity.
In a separate experiment (not shown), the level of glutamate synthase detected in cells grown on low (1 mM) ammonia (or on poorly assimilated nitrogen sources such as proline or given in Materials and Methods) was dialyzed overnight against a buffer solution containing 20 mM 7ris-chloride (pH 7.5), 20 mM KCI, 1 mM EDTA, and 10% (vol/vol) glycerol. The enzyme was absorbed batchwise onto six 10-g portions of DEAE-cellulose (Whatman, DE 52) which had been equilibrated against the same buffer. The protein-cellulose mixture was poured into column (2.5 by 50 cm) and eluted with a linear KCI gradient (20 to 500 mM, 400 ml per reservoir). Fractions (8.3 ml) were collected at the rate of 25 ml/h. We believe that the data presented concerning the relationship of glutamate synthase to the glutamate dehydrogenases clearly demonstrate that glutamate synthase is a distinct enzyme in yeast. The biosynthesis of glutamate synthase is regulated in a manner which definitely distinguishes it from the NAD-dependent glutamate dehydrogenase (Fig. 5) . The lack of reaction of NADPH in the glutamate synthase reaction using either crude (not shown) or partially purified enzyme preparations ( Fig. 3 and 4) . Furthermore, th have no detectable glutaminase shown).
Every prokaryotic organism stu( which can be grown in a simple sa has been found to have glutamE activity (12) . In a number of thes the enzyme appears to provide the nism for the biosynthesis of glutai In most of the other organisms, it primary source of glutamate when the growth-limiting substrate (6, Although yeast glutamate synthase in a manner which suggests a function, it does not appear to be the predominant enzyme for glutamate biosynthesis. The levels of activity which we have detected are 10-fold lower than the NADP-dependent (biosynthetic) glutamate dehydrogenase under most conditions of growth. The apparent Km of the NADP-glutamate dehydrogenase for ammonia is " 1.0 mM (R. Roon unpublished data), which is consistent with the biosynthetic role assigned to this enzyme. This Km is approximately equal to the apparent Km of yeast glutamate synthase for glutamine and is much lower than the apparent Km for ammonia observed with the NADH (catabolic) glutamate dehydrogenase ( z 12 mM [R. Roon, unpublished data]). These findings suggest that yeast glutamate synthase serves in a capacity which is auxiliary to the NADP-glutamate dehydrogenase, perhaps as a means for directly converting the amide group of glutamine to a-amino nitrogen without contributing to the pool of free ammonia. Alternatively, the enzyme may be associated with some subcellular organelle and serve as the sole mechanism of glutamate production in that organelle. With respect to the function of glutamate synthase in yeast, it is interesting to note that NADP-glutamate dehydrogenase-less mutants are able to grow with ammonia serving as the sole nitrogen source although their growth rate is somewhat reduced on the specific (2). It seems likely that glutamate synthase '11s were grown may serve as the primary source of glutamate in 'nded in fresh these mutants. and Methods.
The demonstration of an NADH-dependent imate (0), 10 glutamate synthase in Saccharomyces should
